Back biasing technique in preventing clogging of pores on the porous silicon templates for the deposition of zinc oxide by Garaga, Swetha
ABSTRACT 
BACK BIASING TECHNIQUE IN PREVENTING CLOGGING OF PORES ON THE 
POROUS SILICON TEMPLATES FOR THE DEPOSITION OF ZINC OXIDE 
  
Swetha Garaga., M.S. 
Department of Electrical Engineering 
Northern Illinois University, 2014 
 Michael J. Haji-Sheikh, Director  
 
 
  The main objective of this thesis is to study the thin layer that seemed to have been 
formed during the electrochemical etching process and device a method to remove this layer and 
subsequently deposit zinc oxide using vapor condensation method. The first step of the process 
involves cleaning the substrates in isopropanol, methanol and deionized water. The pores are 
then formed using electrochemical etching of silicon. The electrolyte containing a mixture of 
hydrofluoric acid (HF) and ethanol in 1:3 ratios is used in this process. The electrolyte 
concentration and the etching time are kept constant in this process.  
 
In order to reduce a layer that is blocking the nanowire growth in the pores, the polarities of the 
constant current source used in this process are switched and the process is carried out for 
different time periods. This is called “back biasing.” The growth was carried out using vapor 
condensation method with source material as zinc powder (99.99%) and the target material as the 
porous silicon templates under constant flow of argon gas. All the resultant samples were then 
characterized using FESEM (field emission scanning electron microscopy) to study the 
morphology, X-ray diffraction to confirm the presence of ZnO and UV-Vis spectroscopy for the 
optical properties. 
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Arthur Uhlir Jr. and Ingeborg Uhlir, while developing a technique for polishing and shaping the 
surfaces of silicon and germanium, discovered porous silicon at the Bell Labs in 1956. While 
they were electrochemically etching the crystalline silicon in aqueous ethanoic hydrofluoric acid 
(HF), they found that under appropriate conditions of applied current and solution composition, 
the silicon did not dissolve uniformly in the solution but instead formed fine holes [1]. 
  
This discovery was not taken further until Leigh Canham reasoned that the porous silicon might 
display red luminescence, which explained in terms of quantum confinement of carriers in the 
walls of the pores. With the discovery of efficient visible light emission from porous silicon, 
creation of Si-based optoelectronic switches, displays, and lasers began. The material’s large 
surface area within a small volume, controllable pore sizes and its compatibility with 






Porous silicon is generally divided into three main categories based on its pore size (diameter). 
Porous silicon having pore diameter less than 2nm is defined as microporous, that ranging 
between 2nm and 50nm is defined as mesoporous and the ones that have a diameter greater than 









Chia-Chieh Chang and Chen-Shiung Chang published their work on, “Growth of ZnO 
Nanowires without Catalyst on Porous Silicon,” in July 2004. They stated that Zn vapor 
condenses easily on the porous silicon surface forming a wetting layer but not on the flat silicon 
surface, as the PS surface provides a rough surface to form a wetting layer by decreasing the 
surface energy. The growth mechanism chosen was the vapor-solid (VS) process. These 
nanowires were investigated by FESEM, transmission electron microscopy (TEM) and XRD [3]. 
 
In May 2011, Abdulgafour et al. published their paper, “Growth of ZnO Nanowires without 
Catalyst on Porous Silicon.” They achieved a wide range of high-quality ZnO nanowires on the 
porous silicon substrate without any catalyst by a simple thermal evaporation technique. This 
was due to the rough morphology offered by PS substrate. The porous silicon substrates have 





M.Rajabi, R.S. Dariani and A.Iraji zad published their work, “Growth of ZnO Nanostructures on 
Porous Silicon and Oxidized Porous Silicon Substrates,” in May 2011. The boron-doped p-type 
silicon wafers were electrochemically etched in ethanoic solution of 32% HF at a current density 
of 20mA/cm2. Oxidation of porous silicon was performed by annealing at 8000C for 1 hour. ZnO 
rods were grown in a horizontal quartz tube furnace. The carrier gas used was nitrogen at a rate 
of 200-300 sccm. Source material was a mixture of zinc-oxide powder and graphite powder in 








ZnO nanowires are used in many potential applications including the gas sensors, bio-sensors, 
UV detectors, dye-sensitized solar cells, nanogenerators, field emission devices and many more 
[6]. All these applications made the faculty and the students at Northern Illinois University 
experiment on ZnO nanowires. 
 
Shalini Katyayani Koney’s work focused on the fabrication of zinc oxide in anodic aluminum 
template at Northern Illinois University using cyclic voltammetry. Oxalic and sulphuric acid 
were used as electrolytes for anodization and the process was carried out for different times at a 
constant current density of 10mA/cm2. Hexagonal pores were observed after anodization. The 




method. The samples were then oxidized at 3000C. She analyzed the resulting samples by 
scanning electron microscopy and also by optical spectroscopy [7]. 
 
Later, Sushma Nandhyala from Northern Illinois University successfully achieved the growth of 
ZnO nanowires on gold-coated silicon substrates by the process of chemical vapor transport. In 
this process, gold acts as a seed for the growth of ZnO. A mixture of zinc oxide and graphite in 
the ratio of 1:1 serves as a source. The process was carried out in a Lindberg furnace. The source 
was placed at the center and temperature was maintained around 10000C. The silicon wafers 
were kept at a lower temperature. Under the constant flow of argon gas, the mixture evaporates 
and gets deposited on the gold seed and thus the nanowires were formed [8].  
 
After the discovery that ZnO nanowires could also be grown on the porous silicon templates, 
thereby avoiding the gold coating required in CVT method, Sravya Rangineni studied in detail 
the formation of pores using the electrochemical etching. This work focused on the effect of 
electrolyte concentrations, etching times and the current densities on the pore formation by 
varying each of them. The resultant pores were then analyzed by atomic force microscopy, UV-
Vis spectroscopy and scanning electron microscopy [9].  
 
Pramod Kaushik further extended this work with the proposal of growing nanowires on the so-
formed porous silicon. As a part of his work, the porous silicon samples were annealed using the 
belt furnace at 8000C to increase the ductility and homogeneity. The growth process was carried 




and graphite and target as the annealed porous silicon templates. There was no evidence of 
growth of nanowires as obtained from the SEM results. During the porous silicon formation, a 
thin layer was observed on the surface of porous silicon during the electrochemical etching 








The Objective of this thesis is to study this layer and devise a method that can remove this layer 
on top of the porous silicon and subsequently deposit ZnO on top of the porous structure. To 
achieve this, the polarities of the constant current source in the process of electrochemical 
etching were switched and the same process of etching was carried out for different time periods. 
This is called “back bias.” The growth was carried out on these back-bias samples by vapor 
condensation method in the Lindberg furnace and then the samples were analyzed using UV-Vis, 











 The process of the proposed method is shown in Fig 1.1. 
 
 













2.1 Substrate Preparation: 
 
 
This experiment involves the use of silicon wafers, 76.2+/-0.5mm in diameter and 380+/-
25microns in thickness with a P-type dopant. The orientation of the wafers used was (100) +/- 
0.5 degree. The wafers are as shown in the Fig 2.1.1. 
 




The first step involves cleaving the samples into smaller pieces. The cleaved samples are as 
shown in the Fig 2.1.2. 
 
Fig 2.1.2: Cleaved samples. 
 
The next step involves cleaning the substrate. This was done in several steps. 
Step 1: The wafers were first cleaned in isopropanol in order to remove the dust particles, if any, 
from the surface of the sample. 
Step 2: Methanol was then used to remove the traces of isopropanol. 
Step 3: The wafers were then washed in de-ionized water and then dried using nitrogen gas. 





Fig 2.1.3: The bench used for cleaning the samples. 




2.2 Experimental Setup: 




Porous silicon was formed on the P-type silicon by the process of electrochemical etching. 
Electrochemical etching is a metal etching process that involves the use of a solution of an 
electrolyte, an anode, and a cathode [11]. The electrolyte used in this process was a mixture of 
49% hydrofluoric acid and ethanol in 1:3 ratios; the anode was silicon and cathode was platinum 
electrode. To form porous silicon the current at the silicon side of the silicon/electrolyte interface 
must be carried by holes. The current must be kept between zero and the electropolishing 
threshold [12]. The chemical reaction that takes place in this process is as given below [13]. 
 




This can be explained in detail as follows [14]: 
Si+ 2HF + 2h+ SiF2 + 2H+ ……………….. (3.2) 
SiF2+4HF  H2 + H2SiF6 ………………….. (3.3)  
                             (For divalent anodic reaction)  
Si+ 4HF + 4h+  SiF4 +4H+ …………… (3.4) 
SiF4+ 2HF  H2SiF6 …………………... (3.5) 
                               (For tetravalent anodic reaction) 
 
The stable product of this reaction is H2SiF6 and its ionized points. The intermediate reactions 
result in the formation of SiF2, which is a polysilicon halide. These are colorless to yellow solids. 
This is thought to be forming a thin layer on the porous silicon templates. There are several 
parameters that can affect the formation of pores. These include current density, voltage applied 
to the circuit, Current applied to the circuit, etching time and the electrolyte concentration [10]. 
Of these, the best conditions from previous works were considered. These include etching time 
of 5 minutes and electrolyte concentration of 1:3 ratio of HF: ethanol solution. A constant current 
source was fed to the circuit and the current and voltage were measured using a voltmeter and an 
ammeter.  The current density was varied for a set of experiments and the results were 












The main goal of this experiment was to prevent clogging of pores and deposit zinc oxide on the 
porous silicon templates. It was determined that during the porous silicon formation, some of the 
by-products (maybe SiF2) formed a layer on the surface of porous silicon. This layer prevented 
ZnO from depositing into the pores. Hence to get rid of this layer, back bias was implemented. In 
this process, after the etching was done using the experimental setup shown above for an etching 
time of 5 minutes, the polarities of the constant current source were switched and the same 




and 3min. Thus obtained results were compared and the best resulting samples were kept for 
ZnO growth. The experimental setup for back bias is as shown in Fig 2.2.1.2. 
 
 








Zinc oxide was grown on porous Si templates by vapor condensation method. This method 
involves the heating of a source powder that was kept at the center of the furnace. With the 
passage of a carrier gas, this source powder was carried to the target that was kept downstream to 




the vapor condenses and hence ZnO in the vapor gets deposited on the target. The source powder 
used was ZnO mixed with graphite powder and the target was porous silicon/back-biased 
samples. Argon gas serves as a carrier gas. The whole process was carried out in the Lindberg 
furnace. The schematic is as shown in Fig 2.2.3.1.  
 

















The experiment was conducted for current densities of 25mA/Cm2 and 50mA/Cm2. For each 
experimental run, the data set consisted of a reference silicon sample, Porous silicon samples 
under specified experimental conditions and the back-biased samples for different time periods. 
The etching time was maintained constant at 5 min. The process goes as follows: 
Step 1: The samples were first cleaned as mentioned in Chapter 2. 
Step 2: They were then subjected to electrochemical etching. A stopwatch was used to keep 
track of the etching time. 
Step 3: If a back-biased sample was needed, the polarities of the constant current source were 
reversed and then the process was done for desired time period, namely 15 seconds, 30 seconds, 
1 minute, 2 minutes and 3 minutes. 
Step 3: Then the samples were carefully removed with tweezers and rinsed in de-ionized water 
and dried using nitrogen gas. These were labeled clearly for future reference. 
 
















The experimental bench used at NIU for this process is shown in Fig 3.1.1. 
 
Fig 3.1.1: Experimental bench for etching at NIU. 
The current and voltage values for different current densities were tabulated. The tabulated 










Reference silicon     
Porous silicon     
Back bias for 15sec     
Back bias for 30sec     
Back bias for 1 min     
Back bias for 2 min     
Back bias for 3 min 
 








The porous silicon back-biased samples prepared by the process of electrochemical etching were 
used for the growth of zinc oxide. The growth was carried out in a Lindberg Furnace. 
 
The Lindberg furnace has a heating element, a quartz tube and a temperature controller. This was 
used to implement the vapor condensation method of deposition. The outer quartz tube is a 4.5-
inch tube and the inner tube is a 3-inch tube. This is provided with an inlet for a carrier gas. This 
is a three-zone furnace with a controllable center part. The center of the furnace is always 
maintained at a fixed temperature that is set by the user using the front panel controls. The 
temperature decreases towards the ends. The temperature at any part of the furnace can be 
measured using a thermocouple that is provided in the lab. The profiling data of the furnace was 
obtained from the previous works and thus used for the current work too [10]. 
 
In this technique of deposition, the source material (i.e., the ZnO + graphite powder mixed in 1:1 
ratio) was placed in an alumina crucible at the center of the tube at around 950OC, a temperature 
sufficient to vaporize the material. The substrate holder was placed at a distance where the 
temperature was around 530oC. This holds the target on which the source is to be deposited. In 
our case, it is just the porous silicon or porous Si back-biased samples obtained from 
electrochemical etching of silicon. The argon flow rate was maintained at 200mL/min. Under a 




was deposited on the target, as the temperature there was lower than at the center. The checklist 
for growth under different conditions is as given in Table 2. 
 
Table 2: Checklist for growth on different set of samples. 
 ZnO (1 hour) ZnO (2 hour) ZnO (3 hour) 
Reference Si     
Porous Si       
15sec Back biasing       
30sec Back biasing     
1min Back biasing     
3min Back biasing     
 





Fig 3.2.1: Lindberg tube furnace [15].  












When white light passes through or is reflected by the sample, a characteristic portion of the 
mixed wavelength is absorbed. The energy of the wavelength that is absorbed corresponds to the 
energy required by the material to excite a ground-state electron to go to an excited state [16]. 
This wavelength is used to determine the bandgap of the material. The ultraviolet visible 
spectroscopy is used to analyze the absorption spectrum of the sample and hence deduce the 
bandgap energy of the sample (silicon in this case).  
 
The instrument used for this purpose was Perkin Elmer Lambda 35 UV/Vis system. This is 
designed to analyze liquids, solids, pastes and powder samples. It can scan in the range of 






Fig 4.1.1: Perkin Elmer Lambda 35 UV/Vis system [17]. 
To measure the transmittance and reflectance of solid samples, the Lambda 35 is fitted with an 
integrating sphere accessory. This is shown in Fig 5.1.2. 
 






Before turning on the instrument, one has to make sure that there is no sample in the transmitting 
port and the Spectralon white plate is covering the reflectance port. When the instrument is ON, 
this computer-aided tool runs a software called UVWinlab. This is a GUI that helps in setting up 
the wavelength range to be measured, type of analysis needed (transmittance, reflectance or 
absorption), and also filling up the sample table with the samples to be analyzed [18]. This 
software generates the absorption/transmittance spectra that can be exported to a hard disk. 
 
 




The absorption spectra of all the samples are normalized for better analysis. All the absorption 
spectra in Fig 4.1.1.1 correspond to 25mA/Cm2 current density and etching time of 5min. 





Let us now observe the visible part of the spectra in Fig 4.1.1.2. 
 
Fig 4.1.1.2: Visible region of absorption spectra at a current density of 25mA/Cm2. 
 
Peaks were formed due the diffraction of light from the pores. The number of peaks in a 
particular region depends on the porosity of the sample. From the graph, it can be observed that 
best results were achieved when the back bias was for 2 min, 1 min and 15sec. Fig 4.1.1.3 is at a 






Fig 4.1.1.3: Absorption spectra at a current density of 50 mA/cm2. 
From the graph, it can be observed that best results were achieved when the back bias was for 1 
min and 2min. The peaks decreased with the increase in the back bias. More peaks were found in 
porous silicon than in any of the back-bias samples. Comparing both the current densities, 








The same sample generated the following absorption spectra when the position of the sample 





This is thought to be due to the polarization effect. The instrument used for taking the absorption 
spectra does not have an in-built polarizer. This is shown in Fig 4.1.2.1. 
 








Both the porous silicon samples and the back-biased samples were subjected to growth. As 
previous works at NIU stated that there might be ZnO on the samples (but not as nanowires) that 
are making the peaks become extinct, even the porous silicon samples were subjected to growth. 






Fig 4.1.3.1: Growth vs non-growth. 
From the above spectra, it is clear that intensity of the peaks reduced from non-growth to growth 
sample, but they haven’t disappeared totally. Also, for the growth samples of porous silicon and 
back bias, there occurred a peak at around 384nm that is not seen in the samples without any 
growth of ZnO. As stated by Kapustianyk et al in a paper on nanocomposite films, the absorption 
peak at 377nm corresponds to the exciton state inherent to the bulk ZnO. They also stated that 
the intensity of the peaks enhances only with the increase in the concentration of ZnO NCs [19]. 
This peak at 384nm may correspond to ZnO too, but it might have moved to a larger wavelength, 
as the percentage of ZnO deposited was relatively less. This phenomenon repeated for a 
consecutive set of experiments and hence was significant. The comparison for different growth 






Fig 4.1.3.2: Comparison of absorption spectra for different growth times on porous silicon 
samples. 
With an increase in the growth time from 1 hour to 2 hours and 3 hours, there occurred a change 
in the visible region of the spectra. There were no signs of pores, possibly due to the deposition 
of ZnO on the top of the pore structure. 
 
The comparison of absorption spectra for different growth times on back-biased samples is as 






Fig 4.1.3.3: Comparison of absorption spectra for different growth times on back-biased 
samples. 
 
The same phenomenon as seen in porous silicon took place in back-biased samples too. Thus 
with the UV-Vis results, it can be seen that there were traces of zinc oxide that can be proved 












4.2 Scanning Electron Microscope (SEM): 
 
 
Scanning electron microscopy is a way to characterize materials based on their surface 
morphology. The SEM used in this work is the field emission scanning electron microscopy 
(FESEM).  FESEM is different from SEM in the sense that thermionic emitters in SEM use 
electrical current to heat up a filament, whereas in FESEM, a field emission gun (FEG), also 
called a cold cathode field emitter, does not heat the filament [20].  
FESEM produces clearer, less electrostatically distorted images. High-quality, low-voltage 
images are obtained with negligible electrical charging of samples. A field emission cathode in 
the electron gun of a scanning electron microscope provides narrower probing beams at low as 
well as high electron energy, resulting in both improved spatial resolution and minimized sample 
charging and damage. 
 
 





Sample#46: This is a reference porous sample without any back bias shown in Fig 4.2.1.1. 
This was at a current density of 25mA/Cm2 and etching time of 5 min. The image is the edge of 
the sample 46. The pores are clearly visible at the edge but the surface seems to be smoother. 
This can be attributed to the fact that a thin layer is formed from the by-products of the reaction. 







Fig 4.2.1.1: SEM image of porous silicon. 
 
Sample#48: This is a back-bias sample with 15sec back bias shown in Fig 4.2.1.2. This is at a 
current density of 25mA/Cm2 and etching time of 5 min. The image is the edge of the sample 48. 
The surface clearly shows the pore structure. Thus, our objective of this thesis is partially served 
as back bias cleared up the pores to some extent. This image is at a magnification of 15kx. Image 







Fig 4.2.1.2: SEM image of 15sec back-bias sample. 
 
The image in Fig 4.2.1.3 is the same image as that of Fig 4.2.1.2 but with a higher magnification. 







Fig 4.2.1.3: SEM image of 15sec back-bias sample at 18kx magnification. 
 
Sample#47: This is a porous silicon sample with ZnO growth on it for one hour shown in Fig 
4.2.1.4. This was at a current density of 25mA/Cm2 and etching time of 5 min. The image is the 
edge of the sample 47. The pore structure is like a honeycomb structure, but the surface is a thin, 
smooth layer. There is a layer on top of porous silicon, which may be thought of as a ZnO that is 








Fig 4.2.1.4: SEM image of porous silicon sample with ZnO growth on it. 
 






Fig 4.2.1.5: SEM image of sample 47 focused on the pore structure beneath the thin layer. 
 
 
Sample#49: This is the image for a sample with back bias of 15sec at a current density of 
25mA/Cm2 and etching time of 5 min and with ZnO growth on it as shown in Fig 4.2.1.6. This is 







Fig 4.2.1.6: SEM image of back-bias sample with ZnO growth on it. 
This also shows a thin layer on top of the porous structure but in a more structured way. Hence 
from the SEM results it is evident that back bias cleared the pores. ZnO deposition formed an 














The XRD patterns are like fingerprints of a material as they are unique to the material that is 
being examined. The information in an XRD pattern is a result of size and shape of the unit cells 
and also of the atomic positions within the unit cell. Size and shape of unit cell determine the 
position of the peak and the atomic position determines the intensity of the peak [21]. 
Atoms in a material scatter X-ray waves, primarily through the atom’s electrons. This in turn 
produces secondary waves. So an X-ray striking an electron produces secondary spherical waves. 
Although these waves cancel out each other through destructive interference in most directions, 
they add constructively in a few directions. This is determined by Bragg’s law: 
n = 2d sin 
 
where d is the spacing between diffracting planes,  is the incident angle of X-Ray, n is any 
integer and  is the wavelength of the beam [22]. 
The X-ray diffraction equipment used is Rigaku Miniflex shown in Fig 4.3.1. The operating 
procedure of the instrument is given below. 
Step 1: Turn on the water chiller power switch before turning on the instrument. Then push the 
power reset button in the back. 
Step 2: When the Ready light on the front panel is ON, push the X-Ray ON button. 





Step 4: When the X-Ray ON LED flashes up, open the shutter and mount the sample. Then go 
ahead with the standard measurement. 
 














The huge peak in Fig 4.3.1.1 at around 2theta of 70 is the one that corresponds to silicon <100> 
plane. The smaller peaks, if any, were suppressed by this huge peak in the diffraction pattern. 
 
 
Fig 4.3.1.1: XRD pattern of porous silicon. 
 
Fig 4.3.1.2 and Fig 4.3.1.3 are the XRD patterns of porous silicon with zinc and porous silicon 






Fig 4.3.1.2: XRD pattern of porous silicon+ ZnO. 
 





Fig 4.3.1.4 is the diffraction pattern of back-biased growth sample that shows considerable 
peaks. The indexing of the peaks is given in Appendix C. The peaks at 2 33.670, 38.650, 
44.860, 62.340 correspond to the (100), (002), (101), (102), planes of hexagonal structure of ZnO. 
 
 



















The sheet resistivity of the porous silicon and back-biased samples was measured using four-
point probe method. Magnetron M-700 is an ultra precision instrument designed to measure the 
resistivity and conductivity type of a semiconductor sample. Magnetron M-700 is shown in Fig 
4.4.1. 
 
Fig 4.4.1: Magnetron M-700. 
The experimental procedure for measuring sheet resistivity (ohms/square) is given below. 





Step 2: Range switch to position 8. 
Step 3: Increase range switch current towards position 1 until either the digital panel meter 
blanks out or the O/R LED is ON. 
Step 4: Decrease current range switch one position towards position 8. 
Step 5: Read resistivity in ohms/square on digital readout and range readout. 
 
The obtained values are plotted on a bar graph for better comparison in Fig 4.4.2. 
 
Fig 4.4.2: Comparison of sheet resistivity values. 
 
From the graph it is clear that the sheet resistivity increased with the increase in the growth time. 
This can be attributed to the fact that ZnO is undoped. This may also be due to the probe 
penetrating through the pores and touching the surface of silicon.  
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Porous Si + Backbias15sec + ZnO
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This report summarizes the method to reduce the layer formed due to the reactions taking place 
during the electrochemical etching of silicon. With the technique stated here in this work, the 
layer was removed to an extent and the zinc oxide was grown in an epitaxial manner on the 
surface of the porous silicon. 
Back bias is thought to remove the layer formed due to electrochemical etching as the charge 
carrier movement was altered with the change in the polarities of the constant current source. 
This can be seen in the SEM results that the surface morphology changed in the back bias 
sample. 
UV-Vis results could give some idea about ZnO growth. A peak was observed for the samples 
with growth on them at around 384nm wavelength. This was found both in the porous silicon 
and the back-biased samples. This is thought to be the peak corresponding to the ZnO 
nanocomposite films as stated in a publication [19].  
SEM results of the growth samples also could give some idea, but a little more research is 




layer seemed different in porous and back-biased samples. The back-biased sample had more 
patterned layer and was thought to be ZnO film aligned with the pore structure. 
XRD results could give a better idea on the growth of zinc oxide. The back-biased sample with 
growth was indexed for peaks. It was observed that the peaks in it correspond to the hexagonal 
planes of the zinc oxide.  
It was observed from the sheet resistivity measurement that the samples with growth had more 
resistivity when compared to other samples. This can also be attributed to the fact that ZnO is 
undoped. 
Combining all the results, it is clear that the back bias made some remarkable changes on the 
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Table 3: Reference samples for constant current density of 25 mA/Cm2 and constant etching 
time of 5min for 1:3::HF:ethanol solution. 
 




90 8.32 76.7 25 3 
91 6.97 76.4 25 3 
92 7.91 76.6 25 3 
 
Table 4: Back bias for 15sec, constant current density of 25 mA/Cm2 and constant etching time 
of 5min for 1:3::HF:ethanol solution. 
 




93 5.98 76.5 25 3 
94 6.25 76.4 25 3 





Table 5: Back bias for 30sec, current density of 25 mA/Cm2 and constant etching time of 5min 
for 1:3::HF:ethanol solution. 
 




96 6.04 68.9 25 3 
97 6.25 72.2 25 3 
98 6.59 72.5 25 3 
 
Table 6: Back bias for 1 min, current density of 25 mA/Cm2 and constant etching time of 5min 
for 1:3::HF:ethanol solution. 
 




99 6.73 75.3 25 3 
100 6.86 75.3 25 3 











Table 7: Reference samples for constant current density of 50 mA/Cm2 and constant etching 
time of 5min for 1:3::HF:ethanol solution. 
 




103 5.0 125.8 50 2.5 
104 4.51 125.8 50 2.5 
105 6.25 125.8 50 2.5 
 
Table 8: Back bias for 15sec, constant current density of 50 mA/Cm2 and constant etching time 
of 5min for 1:3::HF:ethanol solution. 
 




106 5.10 128.2 50 2.5 
107 5.11 128.1 50 2.5 






Table 9: Back bias for 30sec, constant current density of 50 mA/Cm2 and constant etching time 
of 5min for 1:3::HF:ethanol solution. 
 




109 5.25 124.5 50 2.5 
110 6.04 148.0 50 3 
111 5.47 121.7 50 2.5 
 
Table 10: Back bias for 1 min, constant current density of 50 mA/Cm2 and constant etching time 
of 5min for 1:3::HF:ethanol solution. 
 




112 8.46 168.3 50 3 
113 5.29 154.1 50 3 









Current density= 25mA/cm2 
Etching time, t= 5min 
Sample#1=>Reference silicon  
Table 11: Reference porous silicon samples for constant current density of 25 mA/Cm2 and 
constant etching time of 5min for 1:3::HF:ethanol solution. 




2 6.80 75.7 25 3 
3 7.58 74.4 25 3 
4 7.75 74.2 25 3 
 
Table 12: Back bias for 15sec, constant current density of 25 mA/Cm2 and constant etching time 
of 5min for 1:3::HF:ethanol solution. 




5 7.94 74.4 25 3 
6 7.84 74.3 25 3 





Table 13: Back bias for 30sec, constant current density of 25 mA/Cm2 and constant etching time 
of 5min for 1:3::HF:ethanol solution. 
 




8 7.27 76.8 25 3 
9 6.83 76.2 25 3 
10 6.48 75.3 25 3 
 
 
Table 14: Back bias for 1 min, constant current density of 25 mA/Cm2 and constant etching time 
of 5min for 1:3::HF:ethanol solution. 
 




11 7.31 76.6 25 3 
12 6.71 76.5 25 3 





Table 15: Back bias for 2 min, constant current density of 25 mA/Cm2 and constant etching time 
of 5min for 1:3::HF:ethanol solution. 
 




14 6.13 76.5 25 3 
15 7.91 100.1 25 4 


































Current density= 50mA/cm2 
Etching time, t= 5min 
Sample#17=>Reference silicon 
Table 16: Reference porous silicon for constant current density of 50 mA/Cm2 and constant 
etching time of 5min for 1:3::HF:ethanol solution. 




18 7.23 150.6 50 3 
19 6.62 149.8 50 3 
20 6.63 154.0 50 3 
 
Table 17: Back bias for 15sec, constant current density of 50 mA/Cm2 and constant etching time 
of 5min for 1:3::HF:ethanol solution. 




21 6.62 154.6 50 3 
22 5.79 149.9 50 3 




Table 18: Back bias for 30sec, constant current density of 50 mA/Cm2 and constant etching time 
of 5min for 1:3::HF:ethanol solution. 
 




24 6.37 149.3 50 3 
25 5.56 149.6 50 3 
26 5.56 146.6 50 3 
 
Table 19: Back bias for 1 min, constant current density of 50 mA/Cm2 and constant etching time 
of 5min for 1:3::HF:ethanol solution. 
 




27 5.79 149.0 50 3 
28 5.50 150.3 50 3 







Table 20: Back bias for 2min, constant current density of 50 mA/Cm2 and constant etching time 
of 5min for 1:3::HF:ethanol solution. 
 




30 4.95 147.7 50 3 
31 4.40 149.4 50 3 












Current density= 25mA/cm2 
Etching time, t= 5min 
Sample#33=>Reference silicon 
Table 21: Reference porous silicon for constant current density of 25 mA/Cm2 and constant 
etching time of 5min for 1:3::HF:ethanol solution. 
 




34 5.80 75.4 25 3 
 
Table 22: Back bias for 15sec, constant current density of 25 mA/Cm2 and constant etching time 
of 5min for 1:3::HF:ethanol solution. 
 












Table 23: Back bias for 30sec, constant current density of 25 mA/Cm2 and constant etching time 
of 5min for 1:3::HF:ethanol solution. 




36 4.84 76.1 25 3 
 
 
Table 24: Back bias for 1 min, constant current density of 25 mA/Cm2 and constant etching time 
of 5min for 1:3::HF:ethanol solution. 




37 3.51 74.5 25 3 
 
Table 25: Back bias for 2 min, constant current density of 25 mA/Cm2 and constant etching time 
of 5min for 1:3::HF:ethanol solution. 
 










Table 26: Back bias for 3 min, constant current density of 25 mA/Cm2 and constant etching time 
of 5min for 1:3::HF:ethanol solution. 
 




























Current density= 25mA/cm2 
Etching time, t= 5min 
 
Table 27: Reference porous silicon for constant current density of 25 mA/Cm2 and constant 
etching time of 5min for 1:3::HF:ethanol solution. 




46 6.67 75.1 6 3 
47 7.35 75.1 6 3 
 
 
Table 28: Back bias for 15sec, constant current density of 25 mA/Cm2 and constant etching time 
of 5min for 1:3::HF:ethanol solution. 
 




48 5.35 74.9 6 3 









Current density= 25mA/cm2 
Etching time, t= 5min 
 
Table 29: Reference porous silicon for constant current density of 25 mA/Cm2 and constant 
etching time of 5min for 1:3::HF:ethanol solution. 
 




50 7.24 75.2 6 3 
51 5.81 74.9 6 3 
 
 
Table 30: Back bias for 15sec, constant current density of 25 mA/Cm2 and constant etching time 
of 5min for 1:3::HF:ethanol solution. 




52 5.87 75.1 6 3 









Current density= 25mA/cm2 
Etching time, t= 5min 
 
Table 31: Reference porous silicon for constant current density of 25 mA/Cm2 and constant 
etching time of 5min for 1:3::HF:ethanol solution. 
 




54 6.04 75.3 6 3 
55 5.43 75.0 6 3 
 
Table 32: Back bias for 15sec, constant current density of 25 mA/Cm2 and constant etching time 
of 5min for 1:3::HF:ethanol solution. 
 




56 4.07 49.8 4 2 




























Table 33: Comparison of sheet resistivity value for different samples. 
SAMPLE# Center Right Left Bottom Top Average 
46 (porous Si) 0.0465 0.0459 0.0457 0.0379 0.0111 0.03742 
47 (porous Si+ ZnO) 0.0371 0.0365 0.0388 0.0393 0.0396 0.03826 
48 (porous Si+ Back 
bias 15sec) 
0.0431 0.0391 0.0402 0.0466 0.0112 0.03604 
49 (porous Si+ Back 
bias 15sec+ZnO) 
0.0379 0.0389 0.0387 0.0386 0.0389 0.0386 
54 (porous Si+ ZnO 
(2hrs)) 
0.0387 0.0385 0.0389 0.039 0.0383 0.03868 
55 (porous Si+ ZnO 
(3hrs)) 
0.0389 0.0395 0.0389 0.0393 0.0397 0.03926 
56 (porous Si+ Back 
bias 15sec+ZnO 
(2hrs)) 
0.0392 0.0389 0.0391  0.0391 0.039 0.03906 
57 (porous Si+ Back 
bias 15sec+ZnO 
(3hrs)) 

























Fig C.1: XRD pattern for ZnO on porous and back-biased silicon sample. 
The plane spacing equations for the hexagonal crystal structure is given by 
 
1/d2 = 4/3[(h2+hk+k2)/a2] + l2/c2 
From Bragg’s law, 
 = 2d sin 
Where = 1.540562 Angstroms. 
2 = 4d2 sin2  




sin2  = 2/4[4/3[(h2+hk+k2)/a2] + l2/c2] 
sin2  = ( 2/4a2)[4/3(h2+hk+k2)+ l2/(c/a)2] 
(1) Identify the peaks 
Table 34: Identifying the peaks. 
 Peak (2) Intensity Max Intensity 
(Normalized) 
sin2  d 
1 34.5 2387.5 2387.5 100 0.0879 2.598 
2 38 187.5  7.832 0.1059 2.367 
3 45 937.5  39.26 0.1464 2.0131 
4 63 1012.5  42.40 0.2730 1.4742 
 
(2) Values of 4/3(h2+hk+k2) for possible h and k values 
Table 35: Values of h and k. 
  k 
  0 1 2 3 
 
h 
0 0.000 1.333 5.333 12.000 
1 1.333 4.000 9.333 17.333 
2 5.333 9.333 16.000 25.333 






(3) Values of l2/(c/a)2 for known c/a ratio of ZnO i.e.,1.6. 
Table 36: Values of l. 
l l2 l2/(c/a)2 
0 0 0.000 
1 1 0.39 
2 4 1.5625 
3 9 3.515 
4 16 6.25 
5 25 9.765 
6 36 14.06 
 
 
(4) Add the solutions of part (2) and (3) together. 
                                          Table 37: Values h, k and l. 












Table 37: Continued 
 























(5) Assigning indices to the peaks. 
a = ( h2+hk+k2)/ 3 sin for hk0 reflections 
c = l/2 sin for 00l reflections 
 
Table 38: Assigning indices to the peaks. 
Peak Intensity 
(Normalized) 
sin2  d hkl a c h2+hk+k2 l2 
34.5 100 0.0879 2.598 100 3.00  1  
38 7.832 0.1059 2.367 002  4.7340  4 
45 39.26 0.1464 2.0131 101     
63 42.40 0.2730 1.4742 102     
     AVG    a = 3.00     c=4.7340    c/a = 1.578 
Pretty good correlation with ICDD value that is actually 1.6. 
